The coagulation properties of the argon plasma coagulation (APC) technique present tremendous potential for a wide range of endoscopic applications. Although several studies have explored the endoscopic application of this technique, there has been no previous research about the relevant argon plasma properties during coagulation. We have investigated the role of power in the interactions between plasma and biological tissue, and have reported on the dielectric properties of the APC treated samples. The data revealed that at a resistance of 1 k , the applied power was within 10% to 15% of the power setting, and the average resistance of the animal samples was between 0.8 and 3.7 k . The data also suggested that the amount of power applied could be adjusted according to the expected tissue resistance range. Additionally, it was determined that the burned surface caused by the APC treatment was on average two to three times less conductive than the untreated surface. The data also revealed that 60%-80% of the power produced by the electrosurgical generator was delivered into the biological tissue, and the plasma channel consumed the remaining 20%-40%. This study establishes a guide for the investigation of optimal argon thermal plasma properties for biological tissue application.
I. INTRODUCTION
since become one of the most common techniques utilized in electrosurgery. APC offers many potential applications, including tumor debulking, ablation of vascular malformations, and coagulation of peptic ulcer bleeding sites. [1] [2] [3] [4] [5] Common gastrointestinal (GI) diseases treated by APC include radiation proctitis, Barrett's esophagus, and gastric antral vascular ectasia (GAVE). [6] [7] [8] [9] [10] [11] [12] [13] APC is a preferable treatment method because it conducts electrical current without direct contact. mitigate the risk of bleeding at the targeted site and the surrounding tissue. The scalpel is positioned 2-6 mm from the treatment site, and thermal heating is achieved by high purity ionized argon gas. The produced heat denatures the proteins and evaporates the intracellular and extracellular water, resulting in tissue destruction and coagulation. 2, 3, 6 The tissue's response to thermal heating is directly dependent on the amount of power applied. The applied power ranges from 20 to 90 W based on the type of treatment. [14] [15] [16] [17] Although the applied power used for treatment is under investigation, little is known about the physical properties of plasma employed and the plasma-tissue interaction during coagulation. Basic plasma parameters, such as argon plasma density and electrical conductivity using Rayleigh microwave scattering, have been previously reported by our group. 28 Plasma density was determined to be in the range of 7.5-9.5 × 10 15 cm -3 , and the electrical conductivity was 1-2 -1 cm -1 .
In this paper we present data of plasma-tissue interactions during APC treatment, which was obtained by determining the accuracy of the power produced by the electrosurgical unit based on tissue resistance. To our knowledge, these plasma-tissue interactions have never been investigated before. We also elucidate the power distribution between plasma and tissue, and report on the conductivity of APC treated samples. A better understanding of these interactions would offer more insight into the properties of argon plasma and the amount of power required for an effective treatment.
II. EXPERIMENTAL PARAMETERS
The experiments were conducted using the electrosurgical system SS- The patient port of the ESU was grounded in all experiments. Several raw animal tissue samples were purchased frozen from a local food store and were thawed to 18-21 C before being used for the experiment. The scalpel was positioned between 2-6 mm away from The depth of the burn injury was neither taken into account nor investigated in this study.
A. Power and Tissue Resistance
The power produced by the ESU generator across the R L was measured. Various non-) were placed in series to determine the current produced by the circuit. The resistors were connected directly to the high voltage generator and the patient port of the ESU as shown in Fig The ranges of equivalent resistance for the biological samples during APC treatments different densities of muscle and connective tissue were selected. Raw animal tissue samples from pork belly, cow pectoral muscle, lamb liver, chicken liver, and chicken leg were tested as shown in Figure 2 (b). A 10used to determine the current generated in the circuit. The distance between the plasma scalpel and the tissue was measured and kept between 2 and 6 mm. Additionally, the power distribution between plasma and tissue was investigated following the schematic shown in Figure 2 (c). The replica, comprised of two metal electrodes separated by a deionized water gap, was used for testing ( Fig. 3 ). Voltages were measured on both sides of the plasma channel, and the current was calculated using Ohm's law and a 10 shunt resistor. Measurements between the tip of the plasma scalpel and the tip of the replica electrode were taken at 3, 4, 5, and 6 mm. The distances selected were within the and tissue replica was determined by numerically integrating the instantaneous powers.
B. Conductivity Measurements
A four-point probe method was used to determine the resistance of the fresh chicken samples. A set of voltage electrodes, spaced 1-2 cm apart, was placed in the sample between the two current electrodes. A 300 shunt resistor was used to determine the current produced by the power source. The AC power source was set to 5 volts. The current across the resistor as well as the voltage drop across the inner electrodes that were embedded in the sample. The two-point probe method was used to determine the relative conductivity between the surface of the untreated and treated tissue. Figure 4 compares the actual power produced by the ESU generator to the load resistance at the power settings of 40, 60, and 80 W. As the resistance approached 1 k , the applied and set powers were similar. The actual power produced by the ESU generator ranged within 10%-15% from the power setting for all tested conditions. The gray bar in Figure 4 indicates this trend and shows that the resistance of the biological tissue is expected to be close to 1 k during APC treatment. The data also revealed that the power decreased and neared zero when the R L was greater than 10 k . Figure 4 reveals that for resistances greater than 1 k , the instrument was able to produce power that was lower than that of the power setting. If the resistance of the tissue was substantially less than 1 k , the applied power may lead to extensive tissue injury. The difference in power can be attributed to the resistance of the instrument because each power setting corresponds to an average resistance, which can be limiting. The user cannot modify this characteristic of the APC system, which could prove to be a major safety concern. The data suggested that the power setting could be adjusted based on the expected resistance of the tissue.
III. RESULTS AND DISCUSSIONS

A. Power Produced during Coagulation
B. Equivalent Tissue Resistance and Conductivity
equivalent resistance for each biological sample was calculated by dividing the mea- The reported conductivity for different human and animal tissues encompasses a large range (0.02-1.4 S/m), in part due to the different methods used for carrying out the measurements. For example, Bodakian and Hart 21 reported low values for the conductivity of chicken samples varying from 0.02 to 0.025 S/m, which may have resulted from using the two-point probe method. 21 With the four-point probe, we observed that the contact voltage drop at the probe-tissue interface was higher than the contact voltage drop of the tissue. The two-point method does not account for this voltage drop, therefore the literature reported values for conductivity might be underestimated.
The conductivity of our samples ranged from 0.2 to 0.6 S/m. Haemmerich et al. 18 reported the conductivity of liver tumor tissue to be 0.4-0.5 S/m. Our measured conductivity range was in accordance with the values reported in the literature for both healthy and tumor tissue. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] the resistance of human tissue is similar to that of animal tissue. Figure 6 shows the surface of the chicken sample after treatment with argon plasma. The electrical conductivity of the cauterized samples was determined using relative ) to characterize the change in conductivity. where c and nc are the conductivities in the cauterized area and noncauterized areas of the living tissue, respectively. The ratio was determined using a current probe. The probe, comprised of two conducting electrodes set 3 mm apart, provided stable contact with the tissue. The voltage difference between the probe wires was kept at 1 volt. Numerous current measurements were recorded to determine the average currents in the cauterized (i c ) and the noncauterized areas (i nc ). The as follows: (2) The range for the that the cauterized area had lower conductivity than the noncauterized one. This result was in support of the limited depth of injury that the APC treatment offers.
C. Power Distribution
The power distribution between the tissue and plasma is shown in Figure 7 . The experiment was conducted using a tissue replica, as shown in Figure 2(c) . In a previous study, the waveforms of the discharge voltage and current generated for the chicken samples were compared with that of the deionized water replica. It was determined that their electrical discharges were similar 28 and therefore the replica was used for this testing. It was observed that 60%-80% of the power produced by the ESU was delivered to the tissue, whereas the rest was consumed for the production of the plasma. A portion of the power applied to the plasma channel was independent of the size of the gap created distribution of APC systems during treatment.
IV. CONCLUSION
Sample conductivity, resistance, and the amount of applied power determine the type of burn created by APC treatment. A burned surface caused from the brief exposure to argon plasma was determined to be two to three times less conductive than an untreated surface. The amount of power delivered to the treatment site was found to be dependent on the resistance of the tissue. If the resistance of the target tissue was outside the range of 0.8-3.7 k , an inconsistent amount of power would be delivered, resulting in ineffective treatment. This study suggests that surgeons can adjust the power setting based on the expected resistance of the tissue being treated. When in the optimal resistance range, the majority of the applied power will be delivered to the target area, although a small percentage of it will be consumed by the plasma channel. Therefore, it is important to investigate APC units from different companies, because the accuracy of the delivered power may slightly differ among them. Inaccuracies in delivered power may greatly affect the treatment of many diseases.
